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Two possible pathways for the nitrosation of formamide and N-methyl formamide by nitrosonium ion (NO*) have been investigated at the
B3LYP/6-31G(d,p) level. The key steps are pseudopericyclic 1,3-sigmatropic rearrangements to give the observed N-nitrosamides. The transition
structures (8a and 8b) are close to planar on the amide moiety and have remarkably low barriers of only 6.6 and 4.8 kcal/mol from the lowest
energy conformations of 6a and 6b, respectively.

The nitroso group is of great importance in a wide range of despite its high predilection for aromatic nitrosatfon.

biochemical systems, ranging from signaling pathways to Rudkevich demonstrated that encapsulation within a calix-
carcinogenesis. In particular, sorNenitrosamides are used [4]arene imparts a dramatic stabilization to the reagent, to
as medicinal sources of N@nd have anticancer activity,  the extent of allowing it be handled in the presence of oxygen

while others are potent carcinogérisitrosonium ion (NO) and moisturé. In contrast to free NO, the encapsulated
reacts with many biological systems in a regulatory fole. reagent shows significant selectivity\l-methyl amides
Nitrosation of peptides generates mutagenic spéckes. reacted to producéN-nitrosamides, but more substituted

important route for the generation dEnitrosamides, both  secondary amides did nbt.

in the laboratory and in vivo, is the direct reaction of =~ The mechanism for nitrosation of amides has been
nitrosonium ion (NO) with amidess Remarkably, proposed to begin with attack of the nucleophilic carbonyl
Rudkevicl and Kochi have reported that NOmay be oxygen on NO .56 Rudkevich suggests that the selectivity
stabilizedby complexation with multiple aromatic rings, of the encapsulated reagent towaddmethyl amides is a
consequence of the steric constraints imposed by the neces-
(1) Wang, P. G.; Xian, M.; Tang, X.; Wu, X.; Wen, Z.; Cai, T.; Janczuk, Sity of the carbonyl oxygen to reach inside the cavity to

A. J.Chem. Rey2002,102, 1091—1134. i -
(2) Gnewuch, C. T.; Sosnovsky, @hem. Rev1997,97, 829—1013. reac.t? Th.us’ the propgsed mechanism would be as sum
(3) Kirsch, M.; Korth, H.-G.; Sustmann, R.; de Groot, Biol. Chem. marized in eq 1. Addition of the carbonyl to NGvould

2002,383, 389—399 and references therein.

(4) () Kim, S.; Ponka, PBlood Cells, Mol. Dis2002,29, 400—410. (6) (a) Zyryanov, G. V.; Rudkevich, D. MOrg. Lett.2003,5, 1253—

(b) Kaur, H.; Hughes, M. N.; Green, C. J.; Naughton, P.; Foresti, R.; 1256. (b) Zyryanov, G. V.; Kang, Y.; Rudkevich, D. Nl. Am. Chem. Soc.

Motterlini, R. FEBS Lett.2003,543, 113—119 and references therein. 2003,125, 2997—3007.

(5) (a) Turjanski, A. G.; Leonik, F.; Estrin, D. A.; Rosenstein, R. E.; (7) Rosokha, S. V.; Lindeman, S. V.; Rathore, R.; Kochi, JJKOrg.

Doctorovich, FJ. Am. Chem. So2000,122, 10468—10469. (b) Darbeau, = Chem.2003,68, 3947—3957.

R. W.; Pease, R. S.; Perez, E.).Org. Chem2002,67, 2942—2947 and (8) Gwaltney, S. R.; Rosokha, S. V.; Head-Gordon, M.; Kochi, JJ.K.

references therein. Am. Chem. So@003,125, 3273—3283.
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give theO-nitroso specie8. Deprotonation followed by a

localized cation and would be expected to be less stable than

1,3-shift of the nitroso group would then give the observed the delocalized one3@ and 3a’) in path b. Although this

N-nitrosamide 4.

rearrange
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second pathway (b) would involve the 1,3-sigmatropic
rearrangement, it is indeed calculated to be the preferred
pathway as described below.

The results of the calculations are summarized in Figures
1 and 2 and Table 1 for both path a and path b. All four of

aR R'= HbR Me, R'=H

We were intrigued by this reaction, as 1,3-shifts are
relatively uncommon. Indeed, they are forbidden in hydro-
carbons with a suprafacial transition state geonietng are
rarely observed with an antarafacial geometry. There are
scattered reports from our groy@nd other¥ that there is
a third possibility: a planar, pseudopericyclic transition state
geometry in which there is not the cyclic orbital overlap that
characterizes the classical pericyclic reaction topologies. Such
reactions are always allowed and can have very low barriers.
In light of this and in view of the importance of the
nitrosation of amides, we undertook a computational study
of this reaction at the B3LYP/6-31G(d,d) ZPE level*?

We considered the two mechanistic possibilities proposed
by Darbeaff and by Rudkevicli,as shown in Scheme 1 for

Scheme 1. Possible Pathways for the Formation of

N-Nitrosamides from Amides
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Figure 1. Pathways for the nitrosation of formamid@a) as
calculated at the B3LYP/6-31G(d,d) ZPE level. StructureSal,

7a, and8a are shown in the calculated geometries. Carbons are
shaded, oxygens are speckled, and nitrogens are labeled as such.
The energies (parentheses, kcal/mol) are relatiéaimnd include
unscaled zero-point energy corrections. Distances are in A.

the conformational possibilities around the-& and C-O
bonds were explored fata. These are numbered in increas-
ing energy fromdalto 4a4. Six conformations fofa are
similarly designated. Only the most relevant conformations
are shown in Figure 1 and Table 1; the others are shown in
Supporting Information. On the basis of the results forR
H, selected structures were calculated forR1e (b, Figure
2).

The calculations support the expectation that direct
nitrosation of the amide nitrogen would not be favorable.

(9) (a) Woodward, R. B.; Hoffmann, Rthe Conservation of Orbital
SymmetryVerlag Chemie, GmbH: Weinheim, 1970. (b) Berson, JA&c.
Chem. Resl1972,5, 406—414. (c) Berson, J. A.; Holder, R. . Am.
Chem. Soc1973,95, 2037—2038. (d) Carpenter, B. &. Am. Chem. Soc.

1995,117, 6336—6344.

(10) (a) Birney, D. M.J. Org. Chem1996,61, 243—251. (b) Birney,
D. M.; Xu, X.; Ham, S.Angew. Chem., Int. EdL999, 38, 189—193. (c)
Zhou, C.; Birney, D. M.J. Am. Chem. So@002,124, 5231—-5241.

(11) (a) Snyder, J. P.; Halgren, T. A.Am. Chem. S0¢980,102, 2861—
2863. (b) Fraser-Reid, B.; Tulshian, R. T. D. B.; Sun, K.MOrg. Chem.
1981,46, 6, 3767—3768. (c) Wong, M. W.; Wentrup, @. Org. Chem.
1994,59, 5279-5285. (d) Koch, R.; Wong, M. W.; Wentrup, £.0rg.

M. T.; Landuyt, L.; Nguyen, H.
M. T. J. Org. Chem1999,64, 401—-407. (f) Ammann, J. R.; Flammang,
R.; Wong, M. W.; Wentrup, CJ. Org. Chem2000, 65, 2706—2710. (g)

Chamorro, E.; Santos, J. C.; Gomez, B.; Contreras, R.; Fuentealba, P.

Chem.1996,61, 6809—6813. () Nguyen,

Chem. Phys2001,114, 23-34.
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(12) The B3LYP method ((a) Becke, A. . Chem. Phys1993,98,
5648—-5652), the 6-31G(d,p) basis set((b) Hariharan, P. C.; Pople, J. A.
Theor. Chim. Actal973, 28, 213), and Gaussian 98 were used for the
calculations ((c) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G.
E.; Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J
A., Jr.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.;
Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,

Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.6; Gaussian,
Inc.: Pittsburgh, PA, 1998). See Supporting Information for computational
details.
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it more like a complex than a covalent intermediate.
However, no minimum was found at shorter distances. There

H O HC O 0 is some pyramidalization of the amide nitrogen (the sum of
N4 (204) N4 NO* HSC\N+Z<°'_N_ the angles is 3479, but the near-planar geometry of the
HC H= H H7 A amide (Q—C,—Ns—H,4 178.6°) suggests that significant
(EF2n{0:0) (2-20(0.0)  (2-3b » m-delocalization remain
& NP N g Deprotonation of3a would be expected to be facile,
HC  O-N HC O . N yielding one of several possible conformations6af. The
N= — N }._ — lowest energy conformation @is 2.1 kcal/mol belov6a2
H H 4 1}“f % (6al, Supporting Information) with the amide nitrogen lone
6b1 (0.0 6b3 (4.0) 9b (20.7) pair anti to the C-O bond. Rotation about thH@-nitroso bond
NO*H* (@.N fr.0m 6a2_ t'o 6a3 only requires an additional 4.2 kcal/mol
" g 2_10%\»“‘-,3 1954 O-?rlq via transition st.ructuré’a. . _
HaC™ Sy~ _" N & _-ch'N YO Structure6a3is the appropriate conformation to undergo
H ‘?/ \?/‘) H the proposed 1,3-sigmatropic shift. As would be qualitatively
Shd (12 : SN 463 predicted for a pseudopericyclic reaction, this is calculated
N @,.a to have a barrier only 6.6 kcal/mol above the most stable
4 8b(as) conformation of6. Thus, the mechanism proposed in path b

is clearly quite reasonable; not only is the more stable cation

in%“r‘é, 2. '?athwaB;S fl?r th(e: rlwitr?satoilon dﬂ-mgthg;ngor(;gat)mide 3aformed, but the conformational interconversions and the
(2b). See Figure 1 for key. Calculated geometrie8inandb are rearrangement itself are predicted to be quite facile.

shown. Energies are relative 1.
The barrier height vi&a of only 3.9 kcal/mol above the

penultimate conformation (6a3) is worthy of additional
Structurebal is calculated to be 22.0 kcal/mol higher in  comment. It is quite low in absolute terms as compared to
energy than th@©-nitroso catior3a. (An alternative confor-  hydrocarbon closed-shell reactions. For example, the Cope
mation, 5a2, was even higher in energy; see Supporting is an allowed [3,3]-sigmatropic rearrangement (A+33.5
Information.) This clear preference for initial O-nitrosation kcal/mol)24 This low barrier is even more remarkable when
is readily understood as reflecting the resonance stabilizationpjaced in the context of other pseudopericyclic 1,3-sigma-
of the cation3arelative to5alas discussed above. Several tropic rearrangments. For example the thermoneutral 1,3-
aspects of the geometries are noteworthy. First, the ne®N  prototropic shift in a carboxylic acid has a calculated barrier
bond in3ais quite long (1.858 A) and the NO is complexed  of 36.6 kcal/mol, which we suggested reflects the strain of
in the amide plane, allowing for resonance. In contrast, the 3 four-membered rinéf2 Certainly the exothermicity of the
N—O bond is even longer (2.218 A) Baland thus makes  rearrangement fron6a3 to 4al contributes to the lower

barrier of8a. The lengths of the breaking and forming bonds

_ in 8a (2.079 and 1.986 A, respectively) are comparable to

Table 1. Calculated Relative Energies and Lowest (or ones in other pericyclic reactioA*!

Imaginary) Frequencies of Structures Calculated at the B3LYP/ As would also be expected for a pseudopericyclic reaction,
6-31G(d,p)+ ZPE (unscaled) Level of Theory the transition stat&a is close to planar on the ©C,—Ns

relative energy + ZPE lowest/imaginary® moiety (see side view in Figure 1); the;©C,—N3—Ns

structure (kcal/mol) frequency (cm~?) dihedral angle is-17.9°, and the B-C,—0;—Ns dihedral

3a 0.0b 102.8 angle is 18.9. The migrating nitroso group is significantly

5al 22.0° 115.2 nonplanar. The ©-Ns—N3 angle is 114.0°, and thes©

4al —20.6° 135.0 Ns—O; angle is 113.0 These are close to the Burgbdunitz

4a3 —16.8° 177.9 angle of attack on ar* system!® The Ns—Ns—Og—O;

6a2 2.1° 124.8 dihedral angle is 73 this is close to the 90that would make

6a3 2.7¢ 120.2 . .

7a 6.3° 162 5i the forming and breaking bonds at N orthogonal. These three

8a 6.6¢ 156.7i details suggest that the reaction involves attack of the in-

(E)-2b 0.9¢ 102.8 plane nitrogen lone pair @) of 6a3 on the N—Os 7*.

(2)-2b 0.0¢ 77.7 Although the participation of the in-plane lone pair has been

6bl 0.0° 79.6 suggested by Darbe@uand Rudkevich, it has not been

6b3 4.0° 87.7 previously recognized that the reaction could have pseudo-

6ba L.2f 1053 pericyclic orbital disconnections on both the NO and the

8b 4.8¢ 94.2i

9b 20.7¢ 328.9i

- ) ) ) ) (13) There has been considerable discussion regarding the importance
aTransition states have one imaginary frequedgnergies are relative of amide resonance. For a leading reference, see: Rablen, P. R.; Bentrup,

to 3a. ¢ Energies are relative to the most stable conformatiofiaoféal, K. H. J. Am. Chem. So®003,125, 2142—2147.
Supporting Information)d Energies are relative taZf-2b. ¢ Energies are (14) Doering, W. v. E.; Toscano, V. G.; Beasley, G. Fetrahedron
relative to the most stable conformatid@hl. 1971,27.

(15) Burgi, H. B.; Dunitz, J. DAcc. Chem. Redl 983,16, 153—161.
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amide fragments, nor was it anticipated just how low this
barrier would be.

We also studiedN-methyl formamideZb), representative
of the secondary amides studied by RudkeVi¢kSelected
relevant structures (Figure 2 and Supporting Information)
were calculated on the basis of results vidith With a barrier
of only 4.8 kcal/mol, the pseudopericyclic 1,3-sigmatropic
rearrangement vi8b is even more facile than without the
methyl group 8a); the rate-determining step involves reach-
ing the appropriate conformatid@b4. The secondary amides
are complicated byZ)—(E) isomerizatiort” Irreversible
O-nitrosation of the more stable conformatios)-@b, and
deprotonation ofZ)-3b would producesbl, as proposed by
Rudkevick® While rotational interconversion witBb3 (cf.
7a) would be facile, the methyl group 6b3 would interfere
with the 1,3-rearrangement. A transition state for inversion
at nitrogen leading téb4 was located (9b) with a barrier of
20.7 kcal/mol. This would be the rate-limiting step of the
entire reaction but would still be surmountable at room
temperature.

If O-nitrosation is reversible, or if the sterics of reaction
with 1 require it, then reaction of the less stable conformation,
(E)-2b, must also be considered. O-Nitrosation followed by

(16) We thank a referee for suggesting this aspect of the study.

(17) Barrier for amide rotation is calculated to be 20.4 kcal/mol. The
experimental gas-phase barrier is 16.5 kcal/nigk); barriers in solution
are slightly higher. Ross, B. D.; True, N. S.; Matson, GJBPhys. Chem.
1984,88, 2675—2678.
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deprotonation and rotation would gi¥d4 directly. In this
case, the lowest energy pathway is ig-@b, 6b4, and the
pseudopericyclic transition sta®, while the rate-determin-
ing step is the initial (Z)—(E) isomerization @b.

In summary, the calculations are consistent with path b;
initial O-nitrosation gives3, followed by deprotonation to
give 6. The rate-determining step involves reaching the
appropriate conformationpa4 or 6b4. In either case,
rearrangement vi8a or 8b to the N-nitrosamidegla or 4b
is facile (6.6 kcal/mol or 4.8 kcal/mol, respectively). The
barriers are low because the transition struct@aeand8b
have geometries that are favorable for attack on the nitroso
group and have the energetic benefit of a pseudopericyclic
geometry on both fragments.
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